ABSTRACT: Phlebotomine sand flies (Diptera: Psychodidae, Phlebotominae) are of considerable public health importance because of their ability to transmit several human parasites, mainly as vectors of Leishmania spp. Over the past decade, the epidemiological situation of cutaneous leishmaniasis (CL) has significantly increased with its geographic expansion to previously free areas and the emergence of overlapping foci of cutaneous leishmaniasis and visceral leishmaniasis (VL) in several provinces of Morocco. A total of 15,313 specimens was collected during this entomological survey. The genera Phlebotomus (57.38%) and Sergentomyia (42.62%) were identified. Sergentomyia minuta (22.01%) was the most prevalent species, followed by S. fallax (18.21%), Phlebotomus perniciosus (14.35%), P. papatasi (14.06%), P. sergenti (12.85%), P. longicuspis (10.74%), P. ariasi (2.68%), S. dreyfussi (1.53%), P. alexandri (1.31%), P. bergeroti (1.14%), S. christophersi (0.62%), S. africana (0.25%), P. chabaudi (0.14%), P. chadlii (0.05%), and P. kazeruni (0.04%). We aimed to determine current distribution of leishmaniases vectors, their ecological characteristics, and the significance of the predominant species at any bioclimate stage, altitude range, and soil texture in terms of the risk of leishmaniasis transmission. Journal of Vector Ecology 40 (2): 342-354. 2015.
INTRODUCTION
Phlebotomine sand flies (Diptera: Psychodidae) play a significant role in human and animal infectious pathology. In the Old World, Phlebotomus females are involved in the transmission of arboviruses and of Leishmania parasitic protozoa, the causative agents of leishmaniasis. This is a parasitic disease with a wide range of clinical symptoms that currently threaten 350 million people in 88 countries.
In Morocco, leishmaniases are endemic diseases that constitute a major public health threat (Mahjour et al. 1992 ). Cutaneous leishmaniasis is caused by three Leishmania species (L. major, L. tropica, and L. infantum) while visceral leishmaniasis is caused by L. infantum. The spatial distribution of vector-borne diseases is limited by the geographic range of vectors and their foci (Kitron 1998) . In this sense, sampling of sand fly presence and abundance is costly and time consuming, but it is important in evaluating human disease risk.
To analyze some environmental variables related to disease incidence, geoprocessing is becoming very important for landscape epidemiology (Hugh-Jones 1989 , Washino and Wood 1994 , Beck et al. 2000 . The transmission profile of leishmaniasis includes landscape elements and in Morocco, previous studies have suggested several environmental factors that may influence, directly or indirectly, the distribution of sand flies, including altitude (Guernaoui et al. 2006) , biotopes (Guernaoui and Boumezzough 2009) , aspect (Boussaa et al. 2009a ), climate (Rispail et al. 2002 , Bounoua et al. 2013 ) and soil type .
We used geographical information system (GIS) techniques for the first time in Morocco to establish the distribution of sand flies according to the environment factors of altitude, climate, and soil type. In the process, we identified environmental factors that appear to predict the presence or absence of sand fly species and disease risk.
MATERIALS AND METHODS

Study area
The study was conducted at 62 sites in central and south Morocco, within six administrative regions (DoukkalaAbda, Guelmim-Es Smara, Marrakech-Tensift-Al Haouz, Meknes-Tafilalete, Souss-Massa-Draa, and Tadla-Azilal) that cover about 48% of the country. The area is characterized by many bio-climate systems with altitudes between sea level and 2,400 m. The total population is over twelve million, with farming as the main occupation.
From an epidemiological perspective, the study area contains all leishmaniasis forms recorded in Morocco. Anthroponotic cutaneous leishmaniasis (ACL) caused byal. 1991, Guernaoui et al. 2005 , Ramaoui et al. 2008 , Rhajaoui et al. 2012 . Zoonotic cutaneous leishmaniasis (ZCL) caused by L. major is extended in the Saharan and pre-Saharan areas of Guelmim-Es Smara, Meknes-Tafilalete, and Souss-MassaDraa regions such as Tata, Ouarzazate and Errachidia (Rioux et al. 1986a , Kahime et al. 2014 . Cutaneous and visceral leishmaniasis (VL) caused by L. infantum are widespread in northern Morocco, including the Meknes-Tafilalete region (Amro et al. 2013) . In Marrakech-Tensift-Al Haouz, TadlaAzilal, and Souss-Massa-Draa, L. infantum infections are sporadic.
Sand fly collection, specimen treatment, and identification
In 2013, sand flies were collected on sticky traps (A4 sheet of paper coated with castor oil). Thirty night traps were placed at the 62 sites. Many biotopes were sampled: intradomestic and peridomestic areas, stables for domestic animals (dogs, chickens, and cows), barbacanes, old walls, rock crevices, and ruins. In the laboratory, specimens were placed in 96% ethanol (to remove the oil) and then left in 70% ethanol until processing. They were then cleared in Mark André medium (Abonnenc 1972) and mounted on glass slides in Hoyer medium (Upton 1993) for identification. Sand flies were identified according to the keys established by the Moroccan Ministry of Health and using the descriptions published by Boussaa (2008) for the P. perniciosus complex.
GIS data base and analysis
The input environmental variables used in the GIS analysis (ArcGis v.10 software) were selected based on their direct/indirect influence on leishmaniasis ecology and vectors. These variables were elevation, bioclimatic zone, and soil texture. Geographic locations of study sites were identified with GPS map 60CSx. Accordingly, the following thematic data layers were generated in a PC ArcInfo GIS environment. For the altitude map, we extracted the metadata through the database of the www.Cartograf.fr website that offers all the geographical maps from around the world. After having georeferenced raster images, we created the layer altitudes using ArcMap (Arcgis 10). For the bioclimatic map, we extracted the metadata from the website of Ministry of Energy, Mines, Water and Environment (2010) . To create the layers of maps corresponding to bioclimatic zones we used ArcGIS 10 (http://www.environnement.gov.ma/index.php/fr/ bd/bd-onem). We used the 2007 soil map from the Food and Agriculture Organization of the United Nations that covers the study area and converted the FAO classification into type of textures using the table of components, sand, silt, and clay, for determining the triangle diagram.
All thematic data layers were co-registered and the obtained entomological data were linked to the respective geographic location of study sites as attributes of sand fly abundance. To identify the environmental factors associated with high risk, geographic locations of study sites, and labeled potential risk were overlaid on each of the environmental thematic layers. Thus, the feature class of each theme associated with high risk foci was determined. GIS was then used to select and map all polygons belonging to the identified feature in each theme. The output was nine maps, each depicting the distribution of the corresponding factor associated with high risk foci over the whole study area. As high leishmaniasis transmission risk is associated with a high presence of vectors combined with environmental factors, and since the spatial patterns of these factors are heterogenous, GIS spatial operations were used to identify areas where all these factors coexist.
Data analysis
In order to illustrate the sand fly populations in different studied variables, we calculated (i) density of collected sand flies: number of specimens/m² of sticky traps/night, and (ii) abundance: number of specimens of species (by variable)/ total specimens of this species × 100.
Statistical analysis was used to examine the possible correlation between the distribution of species and factors studied (altitude, bioclimate, and soil texture). The main variance in the data set was detected using Principal Component Analysis (PCA). All data were mean-centered and scaled to equal unit variance prior to PCA. Analysis was performed with the SPSS 18 software package.
RESULTS AND DISCUSSION
A total of 15,313 specimens was collected during this entomological survey. Phlebotomus genus (57.38%) and Sergentomyia genus (42.62%) were identified. Sergentomyia minuta (22.01%) was the most prevalent species, followed by S. fallax (18.21%), Phlebotomus perniciosus (14.35%), P. papatasi (14.06%), P. sergenti (12.85%), P. longicuspis (10.74%), P. ariasi (2.68%), S. dreyfussi (1.53%), P. alexandri (1.31%), P. bergeroti (1.14%), S. christophersi (0.62%), S. africana (0.25%), P. chabaudi (0.14%), P. chadlii (0.05%), and P. kazeruni (0.04%).
All male P. perniciosus collected showed atypical forms of copulatory valves. This atypical form of P. perniciosus (PNA) has been reported in northern (Pesson et al. 2004 ) as well as in southern Morocco . It was identified also in Tunisia (Ghrab et al. 2006 , Boudabous et al. 2012 and probably in Algeria (Berchi et al. 2007 ). Eight collected species (S. dreyfussi, P. alexandri, P. bergeroti, S. christophersi, S. africana, P. chabaudi, P. chadlii, and P. kazeruni) are not abundant (less than 2%) in our study area and we could not determine their distribution. For the abundant species (S. minuta, S. fallax, P. perniciosus, P. papatasi, P. sergenti, P. longicuspis, and P. ariasi), the geographical distribution was presented according to some environmental variables ( Figure  1 ). In Morocco, the distribution of sand flies was due, in great part, to the bioclimate (Rioux et al. 1997 , Rispail et al. 2002 , Rioux and de La Rocque 2003 . Other findings showed that altitude affects the spatial distribution and density of the sand fly fauna (Guernaoui et al. 2006 ) and recently, Boussaa and Boumezzough (2014) identified the effect of soil texture on sand fly habitats.
In the present study, we associate these three variables (altitude, climate, and soil texture) to determine ecological preferences of each species. PCA was carried out to gain an overview of the similarities and differences among the species and to investigate the relationships among the environmental factors studied. We calculated three PCAs according to the nature of our data: PCA1 (altitude factor), PCA2 (bioclimate factor), and PCA3 (soil texture factor). Table 1 shows the extracted components and the initial values that show the contribution of each of the components to the total variance.
As shown in (Figure 1 , Table 2 ), phlebotomines were collected at all altitudes (from 0 to 2,400 m), but they were more abundant between 800 and 1,200 m. P. longicuspis, P. papatasi, P. sergenti, and Sergentomyia species peaked at intermediate altitudes (between 800 and 1,000 m), while P. perniciosus and P. ariasi peaked at higher altitudes (between 1,000 and 1,200 m). The first two principal components of PCA1 (altitude factor) explained 94% and 4% of the total variance in the data set, respectively (Figure 2 A,B ). PC1 showed a high correlation with all species studied comparatively to the PC2. Accordingly, P. perniciosus, P. longicuspis, and P. ariasi were located furthest to the right, along PC1 (positive side of PC2). This part was been correlated with the altitude 800-1,199 m. On the other hand, the other species P. papatasi, P. sergenti, S. minuta, and S. fallax were also situated on the right side of PC1 that corresponded to the negative side of PC2. The comparison between both plots of PCA1 showed that the existence of these species was correlated with the altitude 400-799 m.
We also collected sand flies in all bioclimatic zones. However, high mountain climates and semi-arid climates, with warm and temperate winters, seemed to be less frequented by our species. Three faunal associations of sand flies were determined ( Figure 1 , Table 2 ). The first (P. perniciosus and P. ariasi) prefers a humid and sub-humid climate, the second (P. sergenti, S. minuta, and S. fallax) prefers a semiarid climate with fresh and cold winter, and the third (P. longicuspis and P. papatasi) peaked in the Saharan climate. For the PCA2 (bioclimate factor), the first two principal components explained, respectively, 56% and 33% of the total variance (Figure 3 A,B) . We also noted that PC1 showed a high correlation with all species studied, but the PC2 separated the P. perniciosus, P. ariasi, and S. minuta in a positive side from the other species and P. longicuspis, P. papatasi, P. sergenti, and S. fallax in a negative side. According to both PC1 and 2, the distribution of both P. perniciosus and P. ariasi species was correlated with the sub-humid and humid bioclimate, while S. minuta was correlated with the semi-arid with fresh and cold winter bioclimate. Taking only the PC1 into account, we can also link the development of S. fallax and P. sergenti with the semi-arid with fresh and cold winter zone. Nonetheless, the P. longicuspis and P. papatasi seem be correlated with the Saharan bioclimate (Figure 4 A,B) .
Regarding soil texture, sand flies were collected more in sandy soil and were rare or absent in soils without sand (loam texture and clay-clay-loam texture). P. perniciosus, P. ariasi, and S. minuta peaked in sand texture, while other species prefer sand-loam. The same results were found for PCA3. This analysis (soil texture factor) recorded that the first two principal components explained 82% and 16% of the total variance, respectively (Figure 3 A,B ). PC1 showed a high correlation with all species studied, while PC2 was clearly distinguished between the species in the main groups. The first group contains P. perniciosus, P. ariasi, and S. minuta that were correlated with sand on the positive side of PC2. However, on the opposite side we found that the second group containing P. papatasi, P. longicuspis, S. fallax, and P. sergenti, was correlated with sand-loam.To summarize, sand flies live in a wide range of habitats and individual species have very specific habitat requirements as shown in Table 3 .
Phlebotomus papatasi
This species is present in all parts of North Africa from Morocco to Egypt, but it is especially abundant in the semiarid and arid steppe zones that fringe the north Sahara (Dedet and Belazzoug 1985) . In Morocco, P. papatasi is the proven vector of L. major, agent of ZCL (Rioux et al. 1986a) . In the present survey, P. papatasi was collected in the Saharan climate, with sand-loam soil texture and altitudes of 800 to 1,000 m (Table 3) . These ecological preferences correspond to the main endemic distribution area for the ZCL in Morocco (Kahime et al. 2014) .
In terms of climate, P. papatasi distribution in Morocco appears to be constant. P. papatasi was more frequent in hyper- Table 2 . Abundance (%) of each species collected in 2013 per classes of altitude, bioclimatic zone, and soil texture. (Rioux 2001) . This species was well adapted to arid climate conditions (Rioux et al. 1984 , Boussaa et al. 2005 , and its density increased with aridity (Croset et al. 1974 ). This might also explain the constant epidemiological situation of ZCL in Morocco since the 1970s. Currently, ZCL is basically linked to palm groves in Saharan and pre-Saharan areas (Kahime et al. 2014) . In contrast, according to altitude, P. papatasi was more abundant between 400 and 600 m in 2002 and it was absent between 1,200 and 1,400 m (Guernaoui et al. 2006 ). We collected P. papatasi up to 1,800 m (0.19%) with a peak at 800-1,000 m. There is evidence that climate changes contribute to vector distribution, and it is confirmed by vertical extent of ZCL in Morocco. In the same area (Saharan and pre-Saharan zones), ZCL becomes widespread south of the Anti-Atlas and High-Atlas mountains, and east of the Middle Atlas mountains (Kahime et al. 2014) .
Phlebotomus sergenti
The role of this species as a vector of L. tropica in Morocco was identified in Tanant by Guilvard et al. (1991) . It has been found in Morocco in all bioclimatic zones (Bailly-Chaumara et al. 1971 ). We also collected P. sergenti in all bioclimatic zones, especially in semi-arid (fresh and cold winter) climate, with sand-loam soil texture and between 800 and 1000 m altitudes (Table 3) .
In contrast to P. papatasi, the distribution of P. sergenti in Morocco is more affected by environmental and climate changes. In the 1970s, its density increased significantly in the arid and Saharan zones (Rioux et al. 1984) . In the 2000s, it was abundant in rural as well as urban habitats in semiarid bioclimates at altitudes up to 1,400 m (Yahia et al. 2004 , Boussaa et al. 2005 , Guernaoui et al. 2006 Guernaoui and Boumezzough 2009) . In the present study, we collected P. sergenti up to 2,000 m (0.61%).
This extent of geographical distribution of P. sergenti is translated by the horizontal and vertical extent of ACL in Morocco. Currently, ACL is the most widespread leishmaniasis form in Morocco. L. tropica foci have been reported the rural areas of Azilal, Essaouira, Chichaoua, and Al Haouz , Ramaoui et al. 2008 ) and the more urban and peri-urban areas of Taza and Zouagha Moulay Yaacoub (Guessous-Idrissi et al. 1997 , GuessousIdrissi 1999 , Rhajaoui et al. 2004 . In terms of soil texture, characterization of P. sergenti breeding habitats in Marrakech city showed an exigency of sandy soil. In Israël, Moncaz et al. (2012) showed also sandy soil for P. sergenti breeding habitats.
Larroussius spp.
The vectorial role of P. ariasi has been demonstrated in Spain with P. perniciosus (Rioux et al. 1986b ) and in northern Morocco (Taounate Province), where a female P. ariasi was found infected with L. infantum and involved in the transmission of visceral leishmaniasis (Hamdani 1999 and humid bioclimatic zones (Rioux et al. 1984) . Dereure et al. (1986) had noted the absence of P. ariasi at altitudes lower than 1,000 m in the northern slope of the High-Atlas. It was collected at altitudes ranging between 1,000 and 1,400 m (Guernaoui et al. 2006 (Benabdennbi et al. 1999 , Pesson et al. 2004 .
We collected male P. perniciosus only as atypical forms (PNA) that display copulatory valves curved at their apex with eight to 19 coxite hairs. This form presents the same conditions as P. ariasi (Table 3) . Therefore, it cannot also explain all L. infantum cases in Morocco. P. longicuspis sensu stricto and its sibling species have not been morphologically distinguished until now, so we cannot confirm the ecological distribution of each species. It was recorded mostly in Saharan climate, between 800 and 1,000 m with sand-loam soil texture.
This completes the distribution of L. infantum in Morocco. Epidemiological surveys in the pre-Saharan area show that P. longicuspis is suspected in the transmission of the VL in the south of Morocco (Dereure et al. 1986 ). This finding agrees with the results from another survey of L. infantum reservoirs that showed increased seroprevalence at intermediate altitudes between 500 and 1,000 m (Nejjar et al. 1998) . Generally, the role of Larroussius species in the transmission of L. infantum remains to be specified.
Sergentomyia spp.
This species had been reported to be infected by a variety of different RNA viruses, such as Saboya (Ba et al. 1999 ) and two unclassified viruses: ArD 95737 and ArD 111740 (Charrel et al. 2006) . The presence of Leishmania donovani DNA in Sergentomyia species caught in Indian kala-azar patients' dwellings during the epidemic of 1990-1992 suggest its possible involvement in kala-azar transmission (Mukherjee et al. 1997) . Furthermore, in Senegal, authors reported that some Sergentomyia species might be able to transmit canine leishmaniasis by L. infantum (Senghor et al. 2011) .
In Morocco, there is no evidence for the vectorial role of Sergentomyia species, but they are spread throughout Morocco, especially S. minuta and S. fallax. S. minuta is a common species in the three countries of North Africa (Bailly-Chaumara et al. 1971 , Dedet et al. 1984 ). This species is ubiquitous in Morocco, while S. fallax has a fairly wide distribution south of the Atlas (Bailly-Chaumara et al. 1971) . Ecological studies in the Marrakech region subdivides Sergentomyia species into rural species and ubiquitous species (S. minuta and S. fallax) that were collected in both urban and rural areas (Boussaa et al. 2009b ). In our study area, S. minuta and S. fallax coexist. It prefers a semiarid climate and altitudes between 800 to 1,000 m. Concerning soil texture, S. fallax is most abundant in sand-loam texture and S. minuta prefer purely sandy soil. Guernaoui et al. (2006) also collected these Sergentomyia species mostly at 800-1,000 m ranges and just S. minuta persist at 1,200 m. We collected both species up to 2,000 m.
This report is an update of phlebotomine sand fly distribution in Morocco according to many ecological factors (bio-climate, soil, and elevation). These results should be taken into account to determine leishmaniasis risk areas and to establish efficient control strategies.
